Results are presented of radiocarbon and tritium measurements along a transect between the Australian continental shelf and the Indonesian coast of Bali. The stations lie in the easternmost part of the Indian Ocean, close to the sills over which the Indonesian throughflow (ITF) makes its way to the Indian Ocean. The present data, obtained as part of the JavaAustralia Dynamics Experiment (JADE) in August 1989, complement the WOCE 14 C and tritium data set on both sides of the Indonesian archipelago and give us the opportunity to discuss the origin of the water masses and timescale of the throughflow. Both tracers point to a north equatorial Pacific origin of the waters. The comparison of the tritium inventories in the Pacific North Equatorial Current and along the JADE transect suggests a minimum transit time of the waters across the Indonesian seaways of the order of 5 to 6 yr, corresponding to a throughflow <18 × 10 6 m 3 /s.
INTRODUCTION
The invasion of bomb radiocarbon in the ocean has been used for several decades to study ocean circulation and ventilation processes. However, very few measurements exist for the Indonesian throughflow (Broecker et al. 1986a ). Here, we report 14 C and tritium measurements at the exit of the Indonesian throughflow (ITF) on a transect between Australia and Bali in the easternmost part of the Indian Ocean (Figure 1 ). The section crosses all the water masses coming from the western Pacific through the Indonesian seas. Therefore, it represents an open window on the ITF, which constitutes a major return path for the warm North Pacific tropical waters to the Atlantic, and plays an important role in the global ocean circulation and climate regulation (Gordon and Fine 1996) .
The samples were taken during the JADE-89 cruise (Java-Australia Dynamics Experiment) in August 1989, about a decade after the end of the GEOSECS Indian Ocean program and a few years prior to the start of the World Ocean Circulation Experiment (WOCE). On the Pacific side, recently available data from the WOCE sections in the western Pacific (Key et al. 2002; Schlosser 2002; Jenkins 2002; Kumamoto et al. 2002 ) represent an extremely valuable data set in the context of our study. On the Indian side, the eastermost WOCE sections (Schlosser 2002; Jenkins 2002) do not extend beyond 111°E. Owing to its position closer to the passages by which the Indonesian waters enter the Indian Ocean, the JADE-89 transect represents a unique link between the Indian and Pacific data sets.
HYDROGRAPHY AND WATER MASSES CHARACTERISTICS
The main hydrographic characteristics of the water masses along the JADE transect have been described in detail by Fieux et al. (1994) using the distribution of potential temperature, salinity, and dissolved oxygen. At the surface, a wedge of low salinity/high temperature layer (Figure 2a, b) , which is more pronounced in the northern part of the section, marks the influx of water of Indonesian origin flowing out of the Savu and Timor Seas. The low salinity results both from the characteristics of the incoming Indonesian waters and from local excess of precipitation over evaporation, which is typical of this region of the Indian Ocean under the Inter-Tropical Convergence Zone (ITCZ). Next to Bali, all the isolines slope upwards due to the presence of a strong coastal upwelling. This upwelling is created by the sustained easterly winds during this phase of the monsoon. These winds also generate a strong westward surface current along the coast, the Java current, which reverses with the monsoons. Below the thermocline, the characteristics of the water masses reveal a sharp front at 13°30′S. South of this front, the salinity maximum between 150 m and 450 m identifies the South Indian Ocean subtropical water (Figure 2b) . North of the front, the lower salinity is representative of the waters originating from the Indonesian seas. Between 350 m and 600 m, the sharp oxygen maximum in the southern part of the section (Figure 2c ) traces the Indian Ocean central water, also named Subantarctic Mode Waters (Warren 1981; McCartney 1982) . In the north, trapped along the coast, appears a water mass characterized by a higher salinity S > 34.7 psu and lower oxygen content O 2 < 89 µmol/kg (=2.0 mL/l), which corresponds to northern Indian Ocean waters originating from the Arabian Sea (Fieux et al. 1994 ).
Between 750 m and 1000 m, north of 15°S, the weak salinity minimum (S < 34.6 psu) points to the presence of the Banda Intermediate waters. This deep Indonesian throughflow is also well depicted by its sharp 3 He anomaly, which is characteristic of the Pacific waters Top et al. 1997) .
From the temperature and salinity data, Fieux et al. (1994) calculated at the time of the JADE cruise a net geostrophic transport of 18.6 × 10 6 m 3 /s directed towards the Indian Ocean. Seventy percent of this flow occurs in the 0-200 m layer, between the coast of Bali and the 13°30-15°S frontal zone, thus representing the core of the Pacific-Indian throughflow.
EXPERIMENTAL METHODS
The 14 C samples were treated according to the procedure described by Bard et al. (1987) and Leboucher et al. (1999) . Seawater was collected in 12-L Niskin bottles. For each sample, 500 mL of water was transferred to a glass bottle and poisoned with 1 mL of saturated HgCl 2 solution. In the laboratory, CO 2 was extracted by adding 2 mL of 15N H 3 PO 4 to a 100-mL seawater aliquot in a vacuumtight system sparged by helium gas (flow rate 80 mL/min); the extraction required 1 hr. Water was removed by a trap at -80 °C and CO 2 was trapped at -180 °C using liquid nitrogen. Then, CO 2 was reduced to graphite by hydrogen at 850 °C during 6-8 hr in the presence of iron powder. Three targets were made from the carbon-iron mixture for accelerator mass spectrometry (AMS). The 14 C measurements were performed at the Tandetron AMS facility in Gif-sur-Yvette. The data (Table 1) are expressed as ∆ 14 C. Two targets per sample were analyzed to obtain the required precision of ±3‰.
Samples were also taken for tritium ( 3 H) analysis. Since 14 C and 3 H were released together by the atmospheric nuclear detonations of the late 1950s and early 1960s, both isotopes constitute complementary tracers for oceanographic studies. The 3 H measurements were performed at the helium isotope facility in Saclay using the 3 He ingrowth method (Jean-Baptiste et al. 1992) . Briefly, the seawater samples were stored in 500-mL Pyrex bottles. In the laboratory, the water was degassed under high vacuum to remove the naturally dissolved 3 He, and sealed in a Corning 1724 glass bulb. The bulbs were stored at -20 °C to minimize 3 He diffusion through the walls during the storage period (Jean-Baptiste et al. 1989) . After 12 to 18 months, the 3 He produced by the decay of tritium was measured on a MAP 215-50 mass spectrometer, permitting the determination of the tritium content of the water. The data are expressed in Tritium Unit (TU) at the date of sampling (1 TU corresponds to a T/H ratio of 10 -18 ). The precision on the tritium concentration is better than 0.01 TU.
RESULTS

Vertical Profiles and Sections
The 14 C and tritium results are summarized in Table 1 . The vertical profiles are plotted in Figure 3 . Below the shallow mixed layer, both transient tracer concentrations decrease sharply. Deeper than 1000 m to 1500 m, tritium and 14 C concentrations fall to their natural background.
The ∆ 14 C and 3 H vertical sections along the Australia-Bali transect are displayed in 
Surface ∆ 14 C and Origin of the Throughflow
The ∆ 14 C values in the mixed layer are in the range of 100-110‰, except at station 19 located off Bali (∆ 14 C = 68‰) which is influenced by the coastal upwelling. These surface ∆ 14 C are in marked contrast with Indian Ocean data further west at the same latitude, which are in the range of 65-75‰ ( Figure 5 ). The spatial distribution of 14 C in the surface ocean, determined in the 1970s thanks to the GEOSECS program, shows a strong gradient between middle latitudes and the 5°S-5°N belt, the ∆ 14 C of which is lowered by the equatorial upwelling (Broecker et al. 1985) . This latitudinal trend is still present in the WOCE data set ( Figure 5 ), although not so strong, since the initial bomb signal is progressively smoothed by advection and mixing of the water masses. ∆ 14 C surface values comparable to those observed along the JADE transect are found in the 10°N-15°N latitudinal belt of the Pacific Ocean, which corresponds to westward-flowing North Equatorial current (NEC).
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where silica concentrations are expressed in µmol/kg (as alkalinity-based estimates are not available for the JADE cruise, this method was preferred to the Palk method of Rubin and Key [2002] for the sake of consistency).
The bomb 14 C inventories are plotted as a function of latitude in Figure 6a . Geographical patterns of the bomb 14 C inventory at the scale of the main ocean basin reflect the spatial distribution of the surface ∆ 14 C; however, it is also strongly affected by the spatial pattern of the penetration depth of the tracer. Systematic latitudinal variations were first revealed by the GEOSECS program, with subtropical maxima in both hemispheres and an equatorial minimum (Broecker et al. 1985) . This latitudinal pattern is the consequence of the input function structure of oceanic 14 C, determined by the exchange of 14 CO 2 at the air-sea interface, and of the large-scale redistribution of the tracer by the ocean circulation (Toggweiler et al. 1989) . This latitudinal trend is also apparent in the WOCE data set (Figure 6a ). However, as far as the origin of the throughflow waters is concerned, Figure 6a shows that both the NEC and SEC display bomb 14 C inventories in the same range. Therefore, 14 C inventories do not permit to discriminate between the 2 sources.
Tritium Water Column Inventories
The tritium inventories at the JADE stations and at the WOCE stations on both sides of the ITF are summarized in Table 3 . In order to remove the influence of the radioactive decay, which is significant even over short periods of time due to the relatively short tritium half-life of 12.4 yr, all the inventories were decay-corrected to 1 January 1991 (notation TU 91). The geographical pattern of the tritium inventories is characterized by a large contrast between the 2 hemispheres (Broecker et al. 1986b ). This is due to the fact that most bomb atmospheric detonations and subsequent tritium fallout occurred in the Northern Hemisphere and to the short residence time of water in the atmosphere (Weiss and Roether 1980) . The maximum tritium delivery is observed at middle latitudes. In Figure 6b , the plot of the tritium inventories as a function of latitude reveals that the JADE data points are well above the values typical of the SEC, again strongly suggesting a northern Pacific origin of the waters.
DISCUSSION
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